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We executed a genome-wide association scan for age-related macular degeneration (AMD) in 2,157 cases and 1,150 controls. Our results validate AMD susceptibility loci near CFH (P < 10 ), C3 (P < 10 −9 ), and CFI (P < 10
−6
). We compared our top findings with the Tufts/Massachusetts General Hospital genome-wide association study of advanced AMD (821 cases, 1,709 controls) and genotyped 30 promising markers in additional individuals (up to 7,749 cases and 4,625 controls). With these data, we identified a susceptibility locus near TIMP3 (overall P = 1.1 × 10
), a metalloproteinase involved in degradation of the extracellular matrix and previously implicated in early-onset maculopathy. In addition, our data revealed strong association signals with alleles at two loci (LIPC, P = 1.3 × 10 −7
; CETP, P = 7.4 × 10 −7 ) that were previously associated with high-density lipoprotein cholesterol (HDL-c) levels in blood. Consistent with the hypothesis that HDL metabolism is associated with AMD pathogenesis, we also observed association with AMD of HDL-c-associated alleles near LPL (P = 3.0 × 10 −3
) and ABCA1 (P = 5.6 × 10
−4
). Multilocus analysis including all susceptibility loci showed that 329 of 331 individuals (99%) with the highest-risk genotypes were cases, and 85% of these had advanced AMD. Our studies extend the catalog of AMD associated loci, help identify individuals at high risk of disease, and provide clues about underlying cellular pathways that should eventually lead to new therapies.
genome-wide association study | single nucleotide polymorphism A ge-related macular degeneration (AMD) is a progressive neurodegenerative disease and a common cause of blindness in the elderly population, particularly in developed countries (1) . The disease affects primarily the macular region of the retina, which is necessary for sharp central vision. An early hallmark of AMD is the appearance of drusen, which are extracellular deposits of proteins and lipids under the retinal pigment epithelium (RPE). As the disease progresses, drusen grow in size and number. In advanced stages of AMD, atrophy of the RPE (geographic atrophy) and/or development of new blood vessels (neovascularization) result in death of photoreceptors and central vision loss.
Multiple genetic linkage studies provided strong evidence of susceptibility loci, notably on chromosomes 1q31 and 10q36 (2) . Disease-associated variants near CFH (1q31) and in a cluster of genes near ARMS2 (10q26) were first identified both through genome-wide association studies (GWASs) (3, 4) and fine mapping of linkage signals (5) (6) (7) (8) . Discovery of association between AMD and the CFH locus led researchers to discovery of association signals near other complement genes, including C2/CFB, C3, and CFI (9-12).
Results and Discussion
The execution of progressively larger GWAS typically results in the gradual discovery of new susceptibility loci [see the examples of Crohn's disease (13), type 2 diabetes (14), obesity (15) , and lipids (16, 17) ]. To identify additional susceptibility loci and biochemical pathways contributing to AMD, we performed GWAS in a large collection of cases and controls (Table S1 ) using a genotyping platform that captures >90% of common variants in European ancestry samples.
We genotyped study samples, including 75 blind duplicates, together with HapMap controls at the Center for Inherited Disease Research (Johns Hopkins) with Illumina Human370 chips. After genotyping, we excluded 18 individuals with an unexpected first-or second-degree relative in the dataset and 13 individuals with evidence for a non-European ancestry component (18) , resulting in a total of 2,157 unrelated cases and 1,150 unrelated controls for analyses. We excluded markers with <95% call rate, minor allele frequency <1%, or evidence for deviation from Hardy-Weinberg equilibrium at P < 10
, resulting in a total of 324,067 autosomal SNPs for analysis. The average call rate for analyzed markers and samples was 99.94%. We identified short stretches of haplotype shared between individuals in our study and those in the HapMap CEU (19) and used these to impute missing genotypes, expanding the number of analyzed SNPs to approximately 2.5 million imputed or genotyped SNPs. Complete GWAS data and results are available from Database of Genotypes and Phenotypes accession no. phs000182.v1.p1.
An initial comparison of allele frequencies between cases and controls resulted in a genomic control parameter (20) ]. Our study provides confirmation of a recently reported association between AMD and complement factor I (CFI) [at rs2285714, OR = 1.31 (1.18, 1.45), P = 3.4 × 10 ] (9). Conditioning on the strongest associated variant at each of these loci identified additional, strong association signals near CFH (at rs1329424, P = 6.4 × 10 −16 ) and in the C2/CFB locus (at rs9380272, P = 2.3 × 10 ), consistent with previous reports of multiple disease-associated alleles at the two loci (8, 10, 22, 23) . Where possible, we evaluated evidence for association at other previously suggested susceptibility loci using genotypes or imputed data. The results are summarized in Table S2 ; although none of these loci show P < 0.05 in our data, note that eight of nine signals trend in the same direction as the original report.
To identify previously uncharacterized AMD susceptibility loci, we conditioned on the seven strongly associated SNPs (Table 1) and repeated the genome-wide analysis. No single SNP was significant at P < 5 × 10 −8 in this conditional analysis. Next, we exchanged initial results with the Tufts/Massachusetts General Hospital (MGH) GWAS for 1,358 SNPs that could be assayed directly with Affymetrix 6.0 genotyping arrays and that were significant at P < 0.001 in either study. Tufts/MGH GWAS results were adjusted for possible population stratification using genomic control (20) , consistent with the analysis presented in the companion article (24) . After excluding 158 samples from The Age-Related Eye Disease Study (AREDS), that were genotyped in both studies, this allowed us to examine promising SNPs in an additional 821 cases with geographic atrophy or neovascularization and 1,709 controls. Twenty-five SNPs showing consistent evidence of association in both groups of participants and five other SNPs with strong evidence for association in our data alone were genotyped in additional samples (Table S1 ). Summary results from follow-up experiments are presented in Table S3 . Detailed results for the three most strongly associated loci (near TIMP3, CETP, and LIPC) and two other loci (LPL and ABCA1) are provided in Tables S4, S5 , S6, S7, and S8. At each of these loci, Hardy-Weinberg equilibrium P values in cases, in controls, and in the combined dataset were all >0.20, suggesting no data quality problems. Furthermore, we found no evidence for heterogeneity (all Cochran's Q heterogeneity P values >0.20). Finally, when we genotyped a subset of the 1,161 samples for six of the imputed SNPs near TIMP3 (our strongest previously uncharacterized locus), we observed >99.4% concordance between imputed and genotyped alleles. Association results for this set of individuals were essentially the same whether imputed or actual genotypes were used for analysis. A comparison of results with genotyped and imputed SNPs at each locus is given in Table S9 .
Our strongest previously uncharacterized locus maps near TIMP3 and SYN3 on chromosome 22 (Fig. 3 , Top, and Table 2 ). There, we found that very common alleles (frequency of ≈0.94 in controls) at rs9621532 and nearby markers were associated with increased risk of AMD [OR = 1.41 (1.27, 1.57), overall P = 1.1 × 10 −11 , one-sided P value in newly genotyped follow-up samples P follow-up = 3.3 × 10 −7 ). Consistent with the expectation that GWAS tend to estimate effect sizes (the "winner's" curse effect), we found that OR estimates in the discovery samples were larger than in the follow-up samples (25) . Results at the TIMP3 locus were robust to a variety of analysis models (including different combinations of PCA, adjustment for previously known loci, and inclusion of age and sex as covariates; Table S10), are supported by nearby directly genotyped SNPs (Table S9) , and remain significant when data from the companion article are excluded from analysis (overall P = 7 × 10 −11 excluding all Tufts/MGH data). Two other loci also exhibited strong evidence for association. Near LIPC on chromosome 15, the common allele at rs493258 (frequency of ≈0.53 in controls) was associated with increased risk of AMD [OR = 1.14 (1.09, 1.20), overall P = 1.3 × 10 −7
, P follow-up = 0.0012). Near CETP on chromosome 16, the rare allele at rs3764261 (frequency ≈0.36 in controls) was associated with increased risk of AMD [OR = 1.19 (1.12, 1.27), overall P = 7.4 × 10 . However, note that (i) both LIPC and CETP show nominally significant association in follow-up samples alone; (ii) less than 0.3 loci per scan are expected to reach P < 3 × 10 −7 by chance, suggesting that one or both of these signals are real; (iii) LIPC association with AMD reaches genome-wide significance in a companion study (24) ; and (iv) in a sample of Japanese individuals, top SNPs at CETP (P = 0.001), LIPC (P = 0.10), and TIMP3 (P = 0.09) trend in the right direction (Tables S4, S5 , S6, S7, and S8).
Additional experiments will be required to identify the functional alleles at each locus and the genes/pathways they impact. The challenges in identifying functional alleles are illustrated by the controversy over causal alleles near ARMS2 [where the PLEKHA1, ARMS2, and HTRA1 genes have been implicated (4) (5) (6) 26) ] and CFH [where noncoding variants may contribute to disease (22, 23) independently of the Y402H coding variant that was the initial focus of attention]. Despite these caveats, the previously uncharacterized loci reported here suggest biologic pathways influencing disease susceptibility and possibly new therapies.
Our top previously uncharacterized signal maps to a large intron of the synapsin III (SYN3) gene involved in neurotransmission and synapse formation (27) . The SNP is located approximately 100 kb upstream of TIMP3, a metalloproteinase encoded within the same intron of SYN3. TIMP3 is involved in degradation of the extracellular matrix and mutated in Sorby's fundus dystrophy (28) , an early-onset macular degenerative disease that shares clinical features with AMD but typically presents before age 40 years. Sorby's is extremely rare, presents with a highly penetrant autosomal dominant family history, and is unlikely to be misclassified as AMD. When we excluded all patients with age of onset <60 years from our sample, evidence for association at TIMP3 was essentially unchanged. Linkage of AMD to the TIMP3/SYN3 region has been reported previously (29) . The effects of the common alleles reported here are too small to account for the observed linkage signal, but it is possible that missed rare high penetrance alleles could reside in the same locus and explain the linkage.
Outside of known loci and TIMP3, our two strongest signals are located near the hepatic lipase (LIPC) gene on chromosome 15q22 (initial evidence of association at rs493258 came from Tufts/MGH GWAS) and the cholesterylester transfer protein (CETP) gene on 16q21. The AMD associated alleles at these loci have been associated with high-density lipoprotein cholesterol (HDL-c) levels in blood (16, 17) . This prompted us to examine whether other common HDL-cassociated polymorphisms might contribute to AMD risk. The three common alleles showing strongest association to blood HDL-c levels in an analysis of 19,840 individuals (17) also reveal evidence of association with AMD in our discovery cohort (rs173539 near CETP with P = 2.4 × 10 ; rs12678919 near LPL with P = 0.0016; rs10468017 near LIPC with P = 0.0018). Table 3 and Fig. S1 show that the same clusters of SNPs (colored) associated with HDL-c (each cluster has lead SNP with P < 5 × 10 −8
) are associated with macular degeneration; association signals are sharper for HDL-c given the much larger sample sizes (and greater power) of that analysis. Multiple common alleles near CETP and LIPC are associated independently with HDL-c levels (17) . In our sample, we find modest association of the secondary HDL-associated alleles in each of these loci with AMD (rs289714 near CETP with P = 0.062; rs2070895 near LIPC with P = 0.051). Finally, HDL-associated alleles near ABCA1 also show evidence of association with AMD (rs1883025, P = 0.0026). The probability that 4 or more of the 14 reported HDL-associated alleles (17) would show association with AMD with P < 0.0026 is extremely low (4 × 10 −8
), and the probability that the top three HDL-associated alleles would reveal association with P < 0.0018 is 6 × 10 −9 (the probability of P < 0.14 or better, as in the replication samples alone, is 0.003). Importantly, because we found association specifically for alleles with the largest impact on HDL levels, it seems likely that additional signals may have been missed owing to lack of power. Just as for CETP and LIPC, association signals at LPL and ABCA1 were consistent in follow-up samples and discovery samples; combining all available data we observed association with P = 3.0 × 10 −3 near LPL and 5.6 × 10 −4 near ABCA1 (Table 3 ). Cholesterol and lipids accumulate underneath the RPE with age and are present in the drusen that characterize early AMD (30, 31) . Genetic variants that impact cholesterol levels in the macula and RPE might impact drusen formation and thus modulate the risk of AMD. Because alleles near CETP and LPL associated with decreased HDL-c levels in blood seem to increase the risk of AMD, but alleles near LIPC and ABCA1 associated with decreased HDL-c levels in blood seem to decrease the risk of AMD, we speculate that some alleles impact cholesterol levels in blood and in the macula in opposite directions. For example, a variant that impacts cholesterol transport between tissues could facilitate transport of HDL-c from the macula to the blood (or vice versa). CETP and LPL play major roles in the synthesis and degradation of HDL-c, whereas LIPC and ABCA1 are involved in mediating the uptake of HDL-c at the cell surface. Previously, epidemiologic studies have indicated a link between cardiovascular risk factors (including HDL-c) and incidence of AMD (32, 33) , but these findings have not been definitive. Our data therefore suggest an important role for HDL-c metabolism in AMD pathogenesis but also that (i) blood HDL-c levels may be a poor surrogate for the impact of HDL-c on disease risk and that (ii) further work is needed to characterize the relationship between AMD and HDL-c-associated alleles. It would be particularly interesting to examine samples with information on AMD classification and direct measurements of HDL-c levels in the retina.
To investigate whether identified risk alleles contributed preferentially to one disease subtype, we carried out a series of subgroup comparisons (Table S11) . When we compared different case subgroups, we found ARMS2 risk alleles were more common in cases with neovascular disease than in cases with large drusen [OR = 1.79 (1.50, 2.13), P = 4.3 × 10
−11
] or with geographic atrophy [OR = 1.36 (1.13, 1.63), P = 0.0009]. In contrast, CFH risk alleles were more common in cases with geographic atrophy than in those with large drusen [OR = 1.38 (1.11, 1.73), P = 0.0012] or neovascular disease [OR = 1.32 (1.08, 1.64), P = 0.009]. Risk alleles near other complement genes seemed to be somewhat more common in cases with geographic atrophy than in those with neovascularization, whereas the reverse was true for risk alleles near TIMP3 (differences not significant). In our discovery sample, we tested for, but did not find, evidence of interactions between associated alleles at the seven loci listed in Tables 1 and 2 . We also tested for, but did not find, significant interactions of risk alleles with sex and smoking.
A companion GWAS article (24) identifies variants with P < 5 × 10 −8 near LIPC. Although their original GWAS did not identify TIMP3, targeted follow-up of the markers identified in our scan confirms our findings. The difference in the initial results of the two studies derives from different choices of markers to follow up after the initial GWAS: a costly experiment with maximum power would involve genotyping all discovery and follow-up samples for all markers. Practical considerations meant that each study could only examine a subset of interesting markers in available follow-up samples. Ultimately, we expect that further genotyping of followup samples and metaanalysis of our results with those of future GWAS will identify more disease susceptibility loci. The variants identified here have only a modest impact on the risk of AMD. 
1.12
Association peaks at previously reported loci. For two of these loci (near CFH and C2/CFB), we found significant secondary signals after adjusting for the strongest initial signal. At C2/CFB locus, rs9380272 shows no significant association before adjusting for the primary signal because its risk allele is in linkage disequilibrium with the protective allele at rs429608. Conditioning on either of these two SNPs enhances the signal at the other SNP. The recurrence risk ratio λ sib quantifies the increase in risk to siblings of affected individuals attributable to a specific allele. For example, a λ sib of 1.24 implies that alleles at the first locus are responsible for 24% increase in risk to siblings of AMD patients compared with the general population. *Imputation r 2 > 0.95. However, they do point to potentially important biologic targets (such as the TIMP3 gene and HDL-c), whose effectiveness for therapeutic intervention remains to be evaluated. We note that genes like IL23 and HMGCR2 are extremely effective drug targets (for the treatment of psoriasis and for low-density lipoprotein cholesterol-lowering medications, respectively) despite the fact that naturally occurring common variants in the corresponding loci account for only small changes in the risk of psoriasis (34) and in blood lipid levels (17), respectively. Genetic susceptibility variants may be used to predict individual risk of AMD (35) . To evaluate the effectiveness of the approach, we fitted a simple logistic regression model to the data. The model included the SNPs listed in Tables 1-3 as predictors. For each SNP, a single variable encoding the number of risk alleles was modeled; no interaction terms or dominance effects were considered. In effect, the model calculates a weighted sum of risk alleles for each individual (with weights proportional to the log OR for each allele) and assigns individuals with large weighted sums the largest risk. Among the 331 individuals (10% of our sample) with the highestrisk genotypes, only 2 are controls and 329 are cases (see Fig. S2 , Top, for information on other genotype risk bands). Assuming a disease prevalence of 20% at age ≈75 years, we predict that ≈80% of individuals with genotypes in the top decile of risk will develop AMD, but <5% of individuals in the bottom three deciles will develop disease (Fig. S2, Bottom) . Furthermore, we find that, among cases, individuals with high-risk genotypes will present with severe disease more often (in the top risk decile for our sample, 15% of our cases have large drusen, 22% geographic atrophy, and 63% have neovascularization) than individuals with lower-risk genotypes (in the bottom risk decile, 51% of cases have large drusen, 19% geographic atrophy only, and 30% have neovascularization). A productive strategy to identify rare alleles that impact disease susceptibility might involve a detailed examination Table 2 . Previously uncharacterized locus with confirmed association to AMD (P < 5×10 Cochran's Q heterogeneity test P = 0.245 Table summarizes results for a previously uncharacterized confirmed association signal near TIMP3 (overall P < 5 × 10 −8 ; corresponding to an adjustment for ≈1 million independent tests). *P values for the discovery and combined samples are two sided. P values for the Tufts/MGH and de novo replication samples are one sided. † Excluding overlapping AREDS samples in the Tufts/MGH study. of DNA sequences in individuals with severe disease but whose common variant genotypes predict low disease risk. Despite these encouraging contrasts between individuals with low-and high-risk genotypes, AMD susceptibility alleles must be evaluated in population-based cohorts before genotypes can become routine diagnostic tools (35) . Altough trends pointing to increased frequency of severe disease in individuals with high-risk genotypes should hold, the absolute risk of developing severe disease is difficult to estimate accurately in samples collected in tertiary clinics. In the meantime, our results point to new molecular pathways and encourage new directions in the search for treatment and prevention of this common blinding disease.
Methods
All participants provided written informed consent, and the protocols were reviewed and approved by local institutional review boards.
Study Design. Cases were classified according to AMD diagnosis in the worse eye. Controls were examined by an ophthalmologist and exhibited no signs of AMD in either eye.
Genotyping and Imputation. Genotyping used Illumina Human370 Bead Chips and the Illumina Infinium II assay protocol. Standard quality filters were applied. See SI Methods for details. To expand the genome coverage, we performed a genome-wide imputation using haplotypes from the HapMap CEU samples as templates (release 22). Imputation was performed using MACH (www.sph.umich.edu/csg/abecasis/Mach/).
Statistical Analyses. To investigate the association between each genotyped or imputed SNP and AMD, we first carried out a logistic regression for each SNP assuming an additive model and adjusting for the top two PCA. For samples including related individuals, the data were analyzed with the test of Thornton and McPeek (36) .
Analysis for Follow-up Study. To combine the statistics across different groups for replication, we selected an arbitrary reference allele and then calculated a z statistic summarizing the evidence for association in each study. An overall z statistic was defined as a weighted average of the individual statistics. Weights were proportional to the square root of the effective sample size for each study.
Conditional Analyses. For conditional analyses, allele counts for the markers listed in Table 2 were used as covariates. For follow-up samples, genotypes at CFH and ARMS2 were included as covariates where available.
Risk Prediction Approach. To evaluate the cumulative contribution of the alleles identified here to disease risk, we fitted a simple logistic regression model to the data. The effect of each genotype was modeled on a logadditive scale, with no interaction terms between genotypes. For additional details, see SI Methods.
